Effects of powdered activated carbon (PAC) dosing on the overall performance of membrane bioreactors (MBR) were investigated in two bench-scale submerged MBRs. Positive impacts of PAC dosing on membrane fouling and the removal of 17b-estradiol (E2) and 17a-ethyinylestradiol (EE2) were demonstrated over a six-month stable operational period. PAC dosing in the MBR increased the removal rates of E2 and EE2 by 3.4% and 15.8%, respectively. The average soluble extracellular polymeric substances (EPS) and colloidal total organic carbon (TOC) concentrations in the PAC-MBR sludge was 60.1% and 61.8% lower than the control MBR sludge, respectively.
INTRODUCTION
treatment plants (WWTPs), has gained considerable attention worldwide. Some scientists concluded that discharge from WWTPs is one of the largest sources of EDCs in the Canadian aquatic environment (Servos et al. 2005) .
Steroid estrogens, especially 17b-estradiol (E2) and 17a-ethyinylestradiol (EE2) are major EDCs of particular concern for the aquatic environment. MBRs have been proven quite effective in removing both organic and inorganic pollutants as well as biological entities from water or wastewater streams. Due to their advantages such as high sludge age, high biomass concentration and complete particle retention, MBRs are expected to achieve enhanced performance in removing EDCs. This hypothesis has been supported by a number of previous studies on the removal of EDCs in MBR process ( Joss et al. 2004; Chang et al. 2006) .
By dosing PAC in the bioreactor, the characteristics of the sludge (PAC-sludge) can be expected to vary. PACsludge is hypothesized to possess higher adsorption capacity, which would increase its capacity to adsorb substances including estrogens to its surface. A couple of studies have been conducted to test the efficiency of PAC in further eliminating estrogens in MBR. Korner et al. (2001) reported that additional activated carbon filtration was very efficient in further eliminating estrogenic activity from WWTPs effluents. On the contrary, other investigators have shown that the estrogenic activity in aqueous phase leaving the MBR system was not further reduced by polishing with either granular activated carbon (GAC) or PAC (Holbrook et al. 2002) .
With the expansion of MBR installations for wastewater treatment and water reuse, there needs to be an assessment as to whether PAC dosing is able to improve the overall MBR performance including the removal of estrogens.
Meanwhile, the cost of PAC dosing in MBRs needs be assessed. The objective of this study was to investigate the effects of PAC dosing on the overall performance of MBRs and assess the cost of PAC dosing in MBRs.
MATERIAL AND METHODS
Experimental set-up 
Operation of MBRs
The two investigated MBR systems were operated at constant flux mode by withdrawing the permeate through peristaltic pumps from the outside-to-inside hollow membrane fibers. The two MBR systems were fed with identical synthetic wastewater by gravity. The composition of synthetic wastewater has been described in Yang et al. re-supplementing the bioreactor with certain amount of PAC every other day. The selection of the particle size of PAC was based on previous studies. Smaller particles provide quicker rates of adsorption, but might tend to increase the small particle population of the activated sludge and shift the flocs size to lower ranges (Ng et al. 2006) . However, PAC with an average size of 100 mm was reported to shift the particle size distribution of the mixed liquor broth to a relatively higher range (Park et al. 1999) .
Based on these results, the PAC with a relatively higher particle size range would be suitable for dosing into MBR systems. Dubois et al. (1956) and protein was measured according to modified Lowry's method (Lowry et al. 1951) . The bound EPS was measured as extract after 1 hour heat extraction at 1008C (Chang & Lee 1998) .
Analytical methods
The particle size of sludge was measured by a laser particle counter (Spectrex PC-2000, USA). This could have resulted in a new equilibrium at the MLVSS levels observed in the PAC-MBR.
Overall performance of the MBR and PAC-MBR
The comparison of overall performance in the MBR and PAC-MBR at steady state conditions was summarized in For nitrogen removal, both the control MBR and PAC-MBR had complete nitrification with ammonia removal rates higher than 99.5%. Ohnishi et al. (1998) found PAC dosed in a wastewater reclamation system at a dosage of 50 mg/L could stably obtain treated water with a color of less than 5 true color unit (TCU). This observation was confirmed in this study. The color of the effluent from the PAC-MBR was consistently lower than 5 TCU, which was lower than the average color of the effluent from the control MBR of 15 TCU. The enhanced color removal is beneficial for the application of MBR for direct water reuse.
A natural estrogen E2 and a synthetic estrogen EE2
were selected as target contaminants to demonstrate the removal mechanisms of estrogen in MBR and PAC-MBR, because E2 and EE2 have shown to be released from a wide variety of wastewater treatment plants and possess relatively high estrogenic activity (Cicek et al. 2007 ).
The average removal rate of E2 and EE2 by the control MBR was 89.0% and 70.9%, respectively. Those removal efficiencies are consistent with the results from previous studies in activated sludge process (Cicek et al. 2007 ).
The synthetic estrogen EE2 appeared to be removed to a lesser extent than E2, which is reasonable because of its more stable chemical structure. PAC dosing increased the removal efficiencies of both E2 and EE2 in the MBR system.
In comparison with the control MBR, the removal rate of E2 and EE2 in the PAC-MBR was increased by 3.4% and 15.8%, respectively.
The impact of PAC dosing on EE2 removal was found to be greater than E2 removal. This might be due to their difference in hydrophobic properties, which significantly affect their adsorption capacity to the sludge and PAC.
Natural estrogen E2 is considered to be weakly hydro- In practice, a slower TMP increase rate means a longer operating period between membrane cleaning events.
Consequently, the maintenance cost for membrane cleaning could be reduced.
In addition, PAC dosing was found to be beneficial to recover TMPs to a lower level after chemical cleanings (Yang 2009 ). This could result in a longer lifespan of membrane fibers because membrane can be cleaned more often without compromising their performance.
Consequently, the operating cost for membrane replacement could also be reduced.
Effects of PAC dosing on sludge filterability characteristics
To investigate the effects of PAC dosing on sludge characteristics, those characteristics associated with sludge filterability such as EPS, colloidal TOC, TTF and particle size of the sludge in the MBR and PAC-MBR were analyzed and shown in Table 2 . The results show that there was significant difference in the filterability characteristics between the MBR sludge and the PAC-MBR sludge.
There are a number of studies which have shown the main foulants with regard to membrane fouling in MBRs are EPS excreted from cells (Chang & Lee 1998) . As shown in Table 2 onto the PAC-MBR sludge surface, thus the overall particle distribution with PAC dosing was changed to a greater particle size range. The larger particle sizes of sludge would be beneficial to alleviate membrane fouling during MBR operation because larger particles typically generate a more permeable cake layer and larger particles are also easier to remove from the membrane surface. This was supported by the fact that the average TTF of the PAC-MBR sludge was 37.2% lower than the control MBR sludge.
Effects of PAC dosing on the frequency of membrane cleaning
The TMP profile in Figure 2 showed a slower rate of TMP increase in the PAC-MBR than the control MBR. This means PAC dosing could prolong the operating period between membrane cleaning events. The membrane manufacturer recommends a membrane cleaning event by soaking membrane modules in 0.3% NaOCl solution for 3 -5 hours when TMP reaches 60 kPa. Table 3 summarize the time for TMP reaching to 60 kPa (T) in the MBR and PAC-MBR in the four membrane cleaning cycles. The data of T were obtained by exponential regression using the daily TMPs in the MBR and PAC-MBR. The R-squared value (R 2 ) of each regression was shown in Table 3 as well.
As shown in Table 3 , the average time for TMP reaching 60 kPa in a membrane cleaning cycle in the PAC-MBR was averagely 32.3% longer than the control MBR. In practice, membrane modules in MBRs need be cleaned every 2 -6 months (Yang et al. 2006) . The prolonged membrane cleaning cycle would eventually prolong the membrane lifespan and result in a lower cost for membrane replacement. (Park et al. 1999; Ng et al. 2006) have shown PAC dosing could achieve significant flux enhancement at a dosage as low as 1.0 g (Yang et al. 2006) . Even with effective membrane cleaning, the membrane modules will need to be replaced somewhere between five and ten years with the current technology (Gander et al. 2000; DeCarolis et al. 2007; Fletcher et al. 2007) . While the membrane price has dramatically decreased over the past years, these modules can still be classified as expensive (Yoon et al. 2004) . and it could achieve similar performance, the benefit of PAC dosing would exceed the operating cost for PAC dosing. It should be pointed out that the cost analysis in this paper was based on the bench-scale experimental data.
Cost analysis
In real applications, the additional costs generated by PAC dosing, e.g. higher aeration cost due to higher concentration of MLVSS and cost for sludge management, should be considered in order to evaluate the economic feasibility of PAC dosing in MBRs.
CONCLUSIONS
Two bench-scale MBRs, one without PAC dosing and the other with PAC dosing, were operated in parallel at similar experimental conditions to examine the effects of PAC dosing on the overall performance of MBRs. The following conclusions can be drawn from the study:
(1) PAC dosing could improve the color removal in MBR system. However, PAC dosing could not remove the refractory soluble COD that could not be removed by biodegradation or membrane filtration. PAC dosing in the MBR increased the removal rate of E2 and EE2 by 3.4% and 15.8%, respectively. The greater impact of PAC dosing on EE2 removal was due to its more hydrophobic property.
(2) PAC dosing significantly reduced the concentrations of soluble EPS and colloidal TOC in the PAC-MBR sludge. Also, the overall particle size distribution of the sludge with PAC dosing was shifted to a greater particle size range. The average TTF of the PAC-MBR sludge was 37.2% lower than the control MBR sludge.
Those effects resulted in a slower rate of TMP increase in the PAC-MBR during the operation of MBRs.
(3) The cost analysis suggests that PAC dosing could reduce the operating cost for membrane cleaning and/or membrane replacement. The operating cost for PAC dosing can be offset by the benefit from its reducing the cost for membrane maintenance. (Yoon et al. 2004) . † Based on labour 2 £ 20 US$/h for 8 h, NaOCl (12.5%) price 0.64 US$/gallon, 2 £ 2 £ 3 m tank for membrane cleaning.
